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We explore thermoelectric spin transport and spin dependent phenomena in a non-collinear quan- 
tum dot spin valve set up. Using this set up, we demonstrate the possibility of a thermoelectric 
excitation of single spin dynamics inside the quantum dot. Many-body exchange fields generated on 
the single spins in this set up manifest as effective magnetic fields acting on the net spin accumula- 
tion in the quantum dot. We first identify generic conditions by which a zero bias spin accumulation 
in the dot may be created in the thermoelectric regime. The resulting spin accumulation is then 
shown to be subject to a field-like spin torque due to the effective magnetic field associated with 
either contact. This spin torque that is generated may yield long-time precession effects due to the 
prevailing blockade conditions. The implications of these phenomena in connection with single spin 
manipulation and pure spin current generation are then discussed. 

PACS numbers: 73.23.Hk, 85.50.Fi, 85.75.-d 



I. INTRODUCTION 

Achieving the control of individual spins pQ or col- 
lective spin degrees of freedom [2] forms an important 
frontier of spintronics. In the collective case, the ma- 
nipulation of magnetization dynamics [21 H] in magnetic 
nanostructures via spin transfer torques [5] or magnetic 
domain wall dynamics [3J E] has been a topic of much 
attention. At the same time, quantum dots provide an 
ideal platform for realizing individual spin manipulation 
and control [T] . Control of magnetization dynamics forms 
the basis of a wide range of applications from microwave 
oscillators to magnetic storage [3l 0] , while that of indi- 
vidual spins is an important paradigm towards spin based 
quantum computation [7J. 

The control and manipulation of individual spins in 
quantum dots [SHIP] has become possible owing to the 
ability to lock the number of electrons, as well as their 
individual spins. While the electron number can be tuned 
via Coulomb blockade, their net spin accumulation is 
tuned via spin blockade [TJ [TT] . Spin blockade is a condi- 
tion when an electron current flow under non-equilibrium 
conditions is forbidden due to the interplay between Pauli 
exclusion principle and Coulomb interaction. The net 
spin accumulation via the spin blockade mechanism may 
also be fine tuned via the use of a gate electrode. In a 
typical control experiment, a gate electrode pulses the 
system in and out of spin blockade, thus permitting spin 
manipulation when the electron current flow is forbidden, 
and read out when the current flow is permitted [8HTU]. 

Spin blockade and spin manipulation in the aforemen- 
tioned works were discussed under a voltage bias. In 
this paper, we explore the possibility of spin manipula- 
tion by creating a non-equilibrium spin accumulation, in 
the thermoelectric regime. While in the pioneering spin 
manipulation experiments [U I8HI0] spin blockade occurs 
due to a blocking triplet state [T2] in a detuned double 



quantum dot set up with unpolarized contacts, we focus 
on creating the spin accumulation via a different spin 
blockade mechanism in a non-collinear quantum dot spin 
valve described extensively in some earlier works |13[ 1 14] . 
In this set up, unlike in the double quantum dot case, the 
spin blockade results from the spin selection and filtering 
between spins in the quantum dot and the ferromagnetic 
degrees of freedom of the contacts whose magnetization 
directions in general, may be non-collinear. Also, in our 
set up, many-body exchange fields are generated from 
an interplay between the Coulomb interaction in the dot 
or metallic island and the ferromagnetic degree of free- 
dom in the contacts [T5HPo] . The effective magnetic field 
thereby creates a field-like term in the spin dynamics in- 
side the dot. This field like term is reminiscent of spin 
torque in magnetic structures [5] and is responsible for 
the precessional spin dynamics inside the dot. In addi- 
tion to the precessional term, one has terms arising from 
the spin polarized current injection, as well as relaxation 
due to single-electron tunneling processes between either 
contact and the dot. 

We show here that the precessional term that arises 
out of the above mentioned field-like spin torque may be 
created under a pure thermal gradient in the absence of a 
bias. The crucial aspect is that the non-equilibrium spin 
accumulation is induced as a result of a spin blockade 
mechanism, to be discussed, in the regime where double 
occupancy is suppressed due to Coulomb interaction. As 
a result of long dwell times in the dot due to the block- 
ade, the charge and spin relaxation components of the 
spin dynamics are suppressed, thus yielding a long time 
precession. 

This field like spin torque itself translates to a net spin 
angular momentum transfer rate or a spin current be- 
tween the contacts and the dot [IB]. The traditional 
viewpoint of a spin current is that of a spin polarized 
current resulting from the transport of spin polarized 
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electrons. The precessional terms also imply a net an- 
gular momentum transfer rate, and may, in general, also 
be affiliated with spin currents [15]. Such spin currents 
resulting from a spin precession may possibly be detected 
via optical or electrical means as demonstrated in some 
recent pioneering experiments [TTl [18] . Spin dependent 
thermoelectric effects in quantum dots were dealt with 
in a few earlier works and they primarily focused either 
on the linear response thermoelectric regime [19] . or on 
the generation of pure spin currents using non-magnetic 
quantum dots in the presence of a magnetic field |20j . 
or magnetic quantum dots |21j with collinearly polarized 
contacts. But these works, however, do not feature the 
effects related to spin precession to be discussed here. 

The paper is organized as follows. The following sec- 
tion will describe the necessary formulation briefly, and 
will cover the important aspects of the physics of angu- 
lar momentum transfer in relation to its coverage in this 
paper. We then discuss the important results and their 
implications in section III. Section IV concludes the pa- 
per. 



II. SET UP AND FORMULATION 

In the schematic of the quantum dot spin valve set up 
shown in Fig. TJa), the quantum dot is weakly coupled 
to two non-collinearly polarized ferromagnetic contacts 
labeled a — L,R, each with a degree of polarization p ai 
an electrochemical potential /z Q , and a temperature T a . 
The contact L(R) acts as the collector (injector) in the 
forward (reverse) bias direction. Second order transport 
theory across quantum dots weakly coupled to ferromag- 
netic contacts predicts that the interplay between the 
strong Coulomb repulsion in the dot and the spin po- 
larization of the itinerant electrons to and from the fer- 
romagnetically pinned contacts results in a many body 
exchange field like term [T3J [TJJ [52] that drives the pre- 
cessional dynamics inside the dot. The non-equilibrium 
spin dynamics of the quantum dot spin accumulation S 
is composed of spin injection, damping and precession 
terms [14] , as shown in Fig. [TJb) . 



A. Model 

The theoretical description of transport in our set up 
begins by defining the overall Hamiltonian H which is 
usually written as H — H D + H c + H Tl where H D ,Hc 
and Ht represent the dot, reservoir and reservoir-dot 
coupling Hamiltonians respectively. In this paper, the 
quantum dot is modeled as a single orbital Anderson im- 
purity described by the one-site Hubbard Hamiltonian: 
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FIG. 1. (Color online) Non-collinear quantum dot spin valve 
transport set up. a) The set up consists of a quantum dot 
weakly coupled to ferromagnetic contacts a — L,R, each with 
a pinned magnetization axis rh a oriented along the majority 
spin and a degree of polarization p a . The contact L(R) acts 
as the collector (injector) in the forward (reverse) bias direc- 
tion. The common coordinate axis is chosen to be oriented 
with respect to that of the quantum dot, with the x axis being 
pointing in the (longitudinal) transport dimension. The angle 
between the contact magnetizations is 9. The set up may be 
spin blockaded for a certain range of bias and for certain val- 
ues of 9. b) Spin dynamics comprise of spin precession around 
the net direction of the effective exchange field Bl + Br and 
damping due to relaxation introduced via charge tunneling to 
and from the contacts, c) Transport through the single level 
quantum dot in the sequential tunneling regime is modeled 
via density matrix rate equations which may be viewed as 
transitions between many-electron states labeled through 3. 
d) Example of a transport set up that displays spin blockade 
when the average electron number inside the quantum dot 
is unity. Spin blockade results in an accumulation of spins 
antiparallel to the collector contact spin polarization. 



a =t, or a =1, and U is the Coulomb interaction energy 
between electrons of opposite spins occupying the same 
orbital. The exact diagonalization of the dot Hamilto- 
nian then results in four Fock-space energy levels labeled 
by their total energies 0, e-f, ej,, and e-j- + ej, + U. In 
this paper, we consider only a spin-degenerate level such 
that e = &f = ej,. The contact Hamiltonian is given 
by H c = J2 a =L,RJ2ka a e akcr a n akrTa , where a labels the 
left /right reservoir (L or R in our case) and the sum- 
mation is taken over the single particle states labeled 
{ko a }, and a a — ± denotes the majority and minority 
spin orientation in the contacts. The tunneling Hamil- 
tonian that represents the dot-contact coupling may in 
general be written as: 
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where {c\ c) and (d) , d) are the creation/annihilation op- 
erators of the reservoir states labeled {ka a } and of the 
quantum dot one particle states respectively, and t a de- 
notes the tunneling matrix element. Note that, in gen- 
eral, the direction of majority and minority spins a a = ± 
in either contact and of the spin orientation a = f, ^ in 
the dot may be non-collinear. If the z axis of the spin po- 
larization in contact a makes an angle (# Q , <f> a ) with the 
z axis of the dot, one can rewrite the tunneling Hamilto- 
nian [13] in Eq. ^ as: 



(3) 



H T = ^2 (*QtCa fc+ (C a t^ + S a d 
ak 



a k 



where C a = cos(9 a /2)e l ^/ 2 ,S a = sm(6» Q /2) e -^°/ 2 , 
and h.c. stands for the hermitian conjugate. We can 
then define the tunneling rate for each spin a a associ- 
ated with contact a as T arTa = ^ J2k \ia\ 2 5{E~e a ka a ) — 



jf\t a \ 2 D ar7a , where D at7a represent the density of states 
(assumed constant in our case) of the majority and mi- 
nority spins of the contact. We can then define a de- 
gree of polarization associated with either contact as 

p a = (r Q+ - r Q _)/(r Q+ + r a _) = (r a+ - r Q _)/r Q . 



B. Spin accumulation and spin currents 

The calculation of the non-equilibrium spin accumula- 
tion S and of its dynamics follows from the evaluation 
of the reduced density matrix of the dot using the den- 
sity matrix formulation discussed extensively in [14] . We 
consider the regime of sequential tunneling hT a << ksT, 
U such that a description based on a second order per- 
turbation in the tunnel coupling energy hT a with cither 
contact a will suffice. In this regime, transport as de- 
scribed via density matrix rate equations [231 121] , ma y 
be viewed as transitions between Fock space states as 
depicted in Fig. [TJc). We consider steady state trans- 
port in all our calculations and hence consider the steady 
state solution pij of the reduced density matrix of the 
dot. The diagonal terms pa of this density matrix repre- 
sent the probability of occupation of each many electron 
state i labeled through 3. The average spin of the dot 
along its z direction is given by S z = \ ( Pll "^" P22 ). The 
off-diagonal terms p±2, pi\ relate to the average spin in 
the quantum dot along the remaining two axes such that 
S x = | ( Pl2 + p21 ), S y = i\ ( Pl2 ~ p21 ). The spin dynamics 
associated with the non-equilibrium spin accumulation S 
are then described by [21 [21] : 



2q dS 

7T Ht 



£ 



2q I S -p 2 a (m a • 5)m a 



(4) 



with J a being the terminal charge current, — q being 
the magnitude of the electron charge, p a being the 
degree of polarization of each contact, and l/r r a — 
T a (1 — / a (e) + f a (e + U)) representing the inverse tun- 
neling lifetime due to coupling to the contacts. Here, 

f a (e) = f ( kar" ) re f ers to the Fermi-Dirac distribu- 
tion of either contact held at an electrochemical po- 
tential \i a and at a temperature T a . The many body 
exchange field may be interpreted as a magnetic field 
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in the integral denoting the Cauchy principal value. The 
expression for the terminal charge current is given by: 

2<7 n 



Jl = -rF a [f a (e)p 



: ui) 



l-f a (e) + f a (e + U) 



(Pi 



P22) 



- (l-f a (e + U))p 33 

-p a [(l-f a (e) + f a (e + U)]m a -S). (5) 

In the above equation, the current depends on the dot 
occupation probabilities given in terms of the diagonal 
terms of the density matrix pa and also the dot spin vec- 
tor S. In the absence of spin flip processes, one may 
deduce the expression for terminal spin currents via a 
simple continuity equation based on Eq. Q for the spin 

accumulation in the quantum dot as = J[ + J R , 

where J^ir) ^ s the terminal spin current with its three 
components representing transport of x, y, and z po- 
larized spins along the direction of electrical current [5]. 
One may then write an expression for the terminal spin 
currents [16 as: 

J* = Jip a m a - | ( S-PU^-S)^ \ _ 2q § ^ ^ 



= J. 
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with J* A representing the component due to injection, 
which is in the direction of magnetization of the contact, 

f (§) and x f ) representing the angular 

V / a, rel \ / a 7 prec 

momentum transfer rate, in units of charge current, due 
to relaxation and precession respectively. The first term 
has a straightforward interpretation simply as being the 
spin current carried by a spin polarized charge current. 
The other terms represent angular momentum transfer 
rates associated with either contact. Specifically, the 
precession term that arises from a field-like spin torque 

r « = ( ) = S x B a represents an angular mo- 

mentum transfer transverse to the magnetization of the 
contact and to the spin in the dot. This term, although 
it has a qualitatively different flavor in comparison to the 
first, it may still be viewed as a spin current [16] . There- 
fore, in this paper, when we talk of spin currents, it is the 
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net terminal spin current given in Eq. ([6]) that is being 
considered. 

The relative contribution of spin injection, damping 
and precession terms that are described by the first, sec- 
ond and the third term in Eq. {£} may be tuned relative 
to each other via the application of a gate and bias volt- 
age. We therefore focus on the spin blockade regime in 
which a sizeable spin accumulation may be achieved, and 
where the relaxation and injection terms are vanishingly 
small in comparison to the precession term. A sample 
transport energy configuration of the considered set up 
is depicted in Fig. [TJcL) where spin accumulation, may in 
general, be induced via spin filtering. The accumulation 
is usually directed anti-parallel to the spin polarization 
of the collector contact. 



C. Transport set up 

We consider transport across the set up shown in 
Fig. [IJa) . The relative angle between the two contacts is 
taken as 8 = tt/2, with the left contact being polarized 
in the x direction and the right contact being polarized 
in the z direction. Indeed such a configuration has been 
experimentally realized in the context of spin torque os- 
cillators [1] using a magnetic free layer as the channel. 
We consider two cases: I) Symmetric case: the polar- 
izations of the two contacts are identical, pl = Pr; II) 
Asymmetric case: the polarizations of the two contacts 
are different, pl ^ Pr, making one contact of larger po- 
larization in comparison to the other. The asymmetry 
in the degree of polarization has a profound consequence 
when a pure temperature gradient is applied. As we will 
show in the upcoming analysis, due to this asymmetry, 
a minor imbalance in the tunneling rates between the 
addition and removal process in the set up created by 
a pure temperature gradient is enough to induce a non- 
equilibrium spin accumulation due to spin blockade and 
hence trigger a spin precession. We take Pl = Pr = 1 
for the symmetric case, and pi, = 1,Pr = 0.2 for the 
asymmetric case. For our transport set up, we take the 
contact couplings to be HT — O.OlmeV; the Coulomb 
interaction parameter is U — 40fcs?L- When no temper- 
ature gradient is applied, we choose T R = T L = 0.7K. In 
the case of thermoelectric transport we have Tr = 0.7K 
and T L = 0.9K. 



III. RESULTS 

A. Spin blockade effects 

The spin blockade mechanism relevant to our set up 
is critical in understanding the occurrence of the non- 
equilibrium spin accumulation. We hence first set out 
to illustrate how spin blockade may be identified in the 
aforementioned cases using a stability plot, i.e., a plot of 
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FIG. 2. (Color online). Differential conductance G = dv q 
versus gate and bias voltages showing the N = 1 sector for 
the unpolarized case. Here the diamond edges mark the entry 
of a conducting energy level of the dot within the transport 
window. We choose T R = T L = Q.7K, hY = O.OlmeV and 
U = 40k B T L . 



the differential conductance G — dv 9 in a bias voltage 
and gate voltage plane. Here, the effect of the applica- 
tion of a gate field has been encapsulated as an effective 
detuning e fc ~^? of the energy level e with respect to the 
equilibrium electrochemical potential // - Here, has 
been arbitrarily set at the transition energy between the 
particle and the 1 particle configurations. At a finite ap- 
plied bias of V app , the contact electrochemical potentials 
are given by fi L = Mo + <?Va PP /2, and hr = /i - qV app /2. 
The stability plot for an unpolarized set up is shown in 
Fig. [2j Upon increasing the bias beyond the Coulomb 
blockade regime, one reaches the diamond edges, signal- 
ing the fact that the conducting energy level of the dot 
has now entered the transport window, and hence tran- 
sitions between the particle and 1 particle configura- 
tions are energetically allowed. However, in comparison 
with the unpolarized case shown in Fig. [2] those dia- 
mond edges are clearly absent in Fig. |3ja), and present 
along only one bias direction in Fig. [3jd)7 indicating spin- 
blockade. Along the black cut shown in Fig. [3^ a) which 
corresponds to e — (j,q = —12kBTL, for example, the con- 
ducting transition is expected to occur at an applied bias 
of V app = Vt = ±24/cbTl/<7. We will consider spin de- 
pendent transport along this black cut in the analysis to 
follow, by first elucidating the mechanism of spin block- 
ade in our considered set up. 

Relevant transport plots as a function of applied bias 
for the symmetric and asymmetric case are shown in the 
left and right panels of Fig. [3] respectively. The spin 
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FIG. 3. (Color online) Spin accumulation and currents, a) 
Stability plots depicting the N = 1 sector for the case of 
symmetric polarization Pl = PR ~ 1, and 9 = tt/2. Non- 
equilibrium spin transport across the black cut is considered, 
b) Spin accumulation vs applied bias indicating an S x = — 1/2 
blocking state in the forward bias direction and an S z = — 1/2 
blocking state in the reverse bias direction (see text), c) 
Resulting charge and spin currents depicting pronounced y- 
polarized spin currents Jy in the region of Coulomb block- 
ade, d) Stability plot in the case of the asymmetric polariza- 
tion pl = 1, pji = 0.2 case. In this case the spin blockade 
and hence spin accumulation only occurs along the forward 
bias direction, e) and f) Resulting spin accumulation and 
currents. Coulomb blockaded regions at finite bias voltages 
feature sizeable transversely polarized spin currents with van- 
ishingly small charge and in-plane spin currents. Remaining 
parameters are the same as in Fig. [2] 



blockade regime crucial to this work is qualitatively dif- 
ferent from the ones observed in the double quantum dot 
structure, and occurs based on the following mechanism. 
Consider transport along the black cut in the stability 
diagrams in Figs.[3^a) and [3](d) . Along the forward bias 
direction, by to our convention, the right contact is the 
injector and the left contact is the collector. In both the 
symmetric and the asymmetric case, spins injected from 
the right contact are in varying degrees +z polarized, 
while the left contact that acts as the collector is fully 
polarized along the +x direction, and acts as a spin filter 



accepting only S x = +1/2H electrons. By noting that 
| S z = ±1/2) = i(| S x = +l/2)± | S x = -1/2)), the 
spin filtering at the acceptor leaves behind an accumula- 
tion of S x = —l/2h spins in the dot. This results in a 
transport blockade as the energetics forbid the blocked 
electrons to tunnel back to the right contact. In the re- 
verse bias situation, excess spins along the — z direction 
accumulate to produce a similar blockading effect for the 
symmetric case. The bias range of the blockade is af- 
fected by the polarization of the collector contact. The 
effectiveness of the reverse bias blockading effect for the 
asymmetric case, therefore, is considerably diminished 
since the right (collector) contact is partially polarized. 
The spin blockade regime can be observed in Figs. [3^b) 
and [3^e) in the excess accumulation of spins along the 
—x or — z directions, and the suppression of charge and 
in-plane spin currents in the post-threshold regions of 
Figs. [3jc) and |3jf). In the symmetric case, this occurs 
along both bias directions, and in the asymmetric case 
only along the forward bias direction. 

The polarization of the injecting contact determines 
the amplitude of the exchange field B a associated with 
it. In turn, the amplitude of the exchange field affects the 
effectiveness of the torque like term — j*-S x B a in Eq. 
Q which induces a precession of the accumulated spin in 
the dot, and hence can partially remove the spin block- 
ade. Because in the asymmetric case the polarization of 
the injector is smaller than in the symmetric case, the 
onset of spin blockade and its persistence are more pro- 
nounced in this situation as seen by comparing Fig. [3]^b) 
and Fig. ge). 



B. Spin precession and associated spin currents 

Due to the prevailing blockade conditions, spins in- 
jected from either contact are subject to precessional 
dynamics on a long time scale. In the steady state, 
the precessing spin eventually aligns with the net effec- 
tive magnetic field. In the bias region < V < Vr, 
it can be shown in steady state that, S y (V) = 0, and 
S X {V)/S Z {V) = B L {V)/B R {V). The effective spin ac- 
cumulation is directed along the effective exchange field 
direction given by B e ff — B^m^ + Bhttir. While the 
steady state solution simply points to the spins being 
aligned with the effective field such that S x B e // = 0, 
the field-like spin torques associated with each contact 
r a = S x B a do not vanish. As a result, the angular 
momentum transfer rate and hence spin currents associ- 
ated with either contact is finite. While spin currents are 
typically associated with currents resulting from charge 
transport, the precessional angular momentum transfer 
rate resulting from the field-like spin torque may also be 
affiliated to a spin current. Thus, the spin torque as- 
sociated with either contact r a = S x B a results in a 
net rate of angular momentum transfer via precession, 
between either contact and the dot, such that the net 
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FIG. 4. (Color online) Effect of temperature gradient, a) In 
the case of symmetric polarization, for a small temperature 
gradient, the zero bias spin accumulation with is always ab- 
sent. Thus, spin precession is absent at zero bias, resulting 
in a b) zero y polarized spin current (Jy(V ap p — 0) = 0). 
c) In the asymmetric case, however, zero bias spin accumu- 
lation occurs and the resulting spin precession causes a d) 
non-zero transverse spin current (Jy(V apP — 0) 7^ 0) (blue 
dashes). The in-plane spin currents and charge currents are 
vanishingly small in this region. 



FIG. 5. (Color online) Polarization and angular dependence, 
a) Dependence of the zero bias thermal pure spin current mag- 
nitude on the degree of polarization of the right contact. For 
the unpolarized case, and the fully symmetric case, the trans- 
verse spin current is zero. The pure spin current magnitude 
peaks at pr = 0.5. b) Angular dependence of the magnitude 
of the pure spin current with pr = 0.2. The asymmetry is 
due to the fact that the situation pr = 0.2 corresponds to the 
majority up-spin case. 



angular momentum transfer rate between the two con- 
tacts is given as J s = (J£ — Jj^) /2. The associated trans- 
versely polarized terminal spin currents are depicted by 
the y component of the spin current tensor (shown dashed 
blue) in Fig. |3jc) and (f), and the charge currents and 
in-plane spin currents in the whole blockade region are 
effectively negligible. 



C. Effect of a temperature gradient 

In the asymmetric remarked before, the most 

important consequence of the above discussed spin block- 
ade mechanism is the zero bias non-equilibrium spin ac- 
cumulation emerging with the application of a temper- 
ature gradient. The application of a small temperature 
gradient (we choose AT = 0.2K, such that T L = Q.9K, 
and Tr = 0.7K) in the absence of a bias opens the pos- 
sibility of charge and spin transport via thermoelectric 
operation [21]. As shown in Fig. [4] (c), the asymmet- 
ric situation induces a zero bias spin accumulation due 
to a small imbalance between the tunneling rates of the 
left and the right contacts. In contrast, no zero bias 
spin blockade occurs in the symmetric polarization case 
shown in Figs. [4ja) . The accumulation results in a zero 
bias spin torque r Q = S x B a at either contact and hence 



in an associated y-polarized pure spin current as shown 
111 Fig. gd). The spin accumulation is in the plane of 
magnetization of the two contacts, and the spin preces- 
sion dynamics due to the third term in Eq. Q results 
in a non-zero rate of transfer of transverse spin angular 
momentum. The choice of the applied temperature gra- 
dient at a given ambient temperature is often motivated 
by a projected Carnot efficiency rjc = which in our 
case equals 0.23. 

We finally plot the polarization and angle dependence 
of the magnitude of this transverse spin current in Fig. [5] 
It is seen from Fig. [HJ a) that the spin current magnitude 
is zero for the unpolarized and the fully symmetric case 
as expected, and maximizes at pr — 0.5. The angular 
dependence is shown in Fig. gb) for pr — 0.2. The 
asymmetry is simply due to the fact that the majority 
spins are along the S z — +1/2 direction. 

D. Discussion and perspectives 

The results presented so far might have important im- 
plications. First, the spin accumulation result presented 
here opens the interesting possibility of spin initializa- 
tion via a small temperature gradient, in the absence of 
a bias. Second, the occurence of transversely polarized 
terminal spin currents due to the zero bias field-like spin 
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torque. The relaxation dynamics typically result from a 
transition from the one electron state into the zero elec- 
tron state or to the two electron state, both of which are 
spin zero states. Typical relaxation times in this case 
are very long and of the order of 10 /is. These long-time 
coherent spin rotations may have important applications 
with respect to spin manipulation via a gate pulse, such 
that the spin rotation may be read out once blockade is 
removed by gating the dot energy level. Furthermore, the 
precession may be used to probe relaxation times due to 
other relaxation mechanisms within the quantum dot [S] . 

Finally, the question of detecting the spin currents dis- 
cussed here has numerous subtleties. It has been theoret- 
ically established [H] EE] [27] and experimentally demon- 
strated EE] that precessing spins in a free magnetic thin 
layer that is coupled to pinned ferromagnetic or normal 
metallic contacts can result in the volume generation of 
spin currents. The ferromagnetically pinned contact of- 
ten acts as a spin sink that will absorb the transversely 
polarized angular momentum flow. However, due to the 
conservation of angular momentum, a back acting torque 
will induce a perturbation in the precessing spins. Such 
a perturbation may be indirectly detected via the broad- 
ening of the ferromagnetic resonance lines described in 
[29] 130] . A more direct method would be to use a free 
magnetic thin layer within a spin relaxation length in 
between the collector contact and the quantum dot, and 
hence detecting the angular momentum transfer via the 
precession of this layer. Alternatively, the magneto-optic 
Kerr effect [T7] may be used to directly detect the exci- 
tation due to this pure spin current. While it is shown 
in the context of magnetization dynamics that a similar 



magnetization precession may be related to pure spin cur- 
rents [HI [26] [27] [29] [30] , progress on understanding the 
implications of similar phenomena with respect to single 
spin precession noted here would form an interesting and 
important extension of this work. 



IV. CONCLUSIONS 

In this paper, we explored spin dependent phenomena 
in the thermoelectric regime of a non-collinear quantum 
dot spin valve set up. This work opens the interesting 
possibility of thermoelectric manipulation of single spins 
in a quantum dot transport set up. The spin torque and 
the related spin dynamics discussed here are reminiscent 
of what is observed in the collective case as a spin torque 
in the magnetization dynamics of magnetic layers. We 
showed that when the set up is biased deep into blockade 
where double occupancy is forbidden, a resulting zero 
bias thermoelectric spin torque may yield a long time 
spin precession. The implications of this with respect 
to single spin manipulation as well as its connection with 
pure spin currents were discussed. Unlike in the collective 
case, the spin dynamics inside quantum dot arrays may 
be thought of as an ensemble of weakly interacting spins. 
Electrical or thermoelectric control of spin dynamics of 
individual spins interacting via a quantum dot array may 
in geneal open exciting paradigms and possibilities. 

Acknowledgements: This work was partly supported 
by the Deutsche Forschungsgemeinschaft (DFG) under 
programme SFB 689. BM would like to acknowledge 
financial support from the IIT Bombay IRCC-SEED 
grant. 



[1] R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, 
and L. M. K. Vandersypen, Rev. Mod. Phys. 79, 1217 
(2007). 

[2] S. Bader and S. Parkin, Annual Review of Condensed 
Matter Physics 1(1), 71 (2010). 

[3] S. I. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Em- 
ley, R. J. Schoelkopf, R. A. Buhrman, and D. C. Ralph, 
Nature 425(6956), 380 (2003). 

[4] D. Houssameddine, U. Ebels, B. Delaet, B. Rodmacq, 
I. Firastrau, F. Ponthenier, M. Brunet, C. Thirion, J. -P. 
Michel, L. Prejbeanu-Buda, and et al. et al. et al. et al., 
Nature Materials 6(6), 441 (2007). 

[5] D. Ralph and M. Stiles, Journal of Magnetism and Mag- 
netic Materials 320(7), 1190 (2007). 

[6] S. S. P. Parkin, M. Hayashi, and L. Thomas, Science 
320(5873), 190 (2008). 

[7] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120 
(1998). 

[8] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, 
A. Yacoby, M. D. Lukin, C. M. Marcus, M. P. Hanson, 
and A. C. Gossard, Science 309(5744), 2180 (2005). 



[9] F. H. L. Koppens, J. A. Folk, J. M. Elzerman, R. Han- 
son, L. H. W. van Beveren, I. T. Vink, H. P. Tranitz, 
W. Wegscheider, L. P. Kouwenhoven, and L. M. K. Van- 
dersypen, Science 309(5739), 1346 (2005). 

[10] K. C. Nowack, F. H. L. Koppens, Y. V. Nazarov, and 
L. M. K. Vandersypen, Science 318(5855), 1430 (2007). 

[11] K. Ono, D. G. Austing, Y. Tokura, and S. Tarucha, Sci- 
ence 297(5585), 1313 (2002). 

[12] B. Muralidharan and S. Datta, Phys. Rev. B 76, 035432 
(2007). 

[13] J. Konig and J. Martinek, Phys. Rev. Lett. 90, 166602 
(2003). 

[14] M. Braun, J. Konig, and J. Martinek, Phys. Rev. B 70, 
195345 (2004). 

[15] W. Wetzels, G. E. W. Bauer, and M. Grifoni, Phys. Rev. 

B 72, 020407 (2005). 
[16] J. Konig, M. Braun, and J. Martinek, in 

CFN Lectures on Functional Nanostructures - Volume 2 

(Springer Berlin / Heidelberg, 2011), vol. 820, pp. 

103-124. 

[17] G. Woltersdorf, O. Mosendz, B. Heinrich, and C. H. 
Back, Phys. Rev. Lett. 99, 246603 (2007). 



8 



[18] J. Zhang, P. M. Levy, S. Zhang, and V. Antropov, Phys- 
ical Review Letters 93(25), 4 (2004). 

[19] R. Swirkowicz, M. Wierzbicki, and J. Barnas, Phys. Rev. 
B 80, 195409 (2009). 

[20] Y. Dubi and M. Di Ventra, Phys. Rev. B 79, 081302 
(2009). 

[21] R.-Q. Wang, L. Sheng, R. Shen, B. Wang, and D. Y. 

Xing, Phys. Rev. Lett. 105, 057202 (2010). 
[22] S. Braig and P. W. Brouwer, Phys. Rev. B 71, 195324 

(2005). 

[23] C. Timm, Phys. Rev. B 77, 195416 (2008). 

[24] R. Hornberger, S. Roller, G. Begemann, A. Donarini, and 

M. Grifoni, Phys. Rev. B 77, 245313 (2008). 
[25] B. Muralidharan and M. Grifoni, Phys. Rev. B 85, 

155423 (2012). 



[26] Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. 

Rev. Lett. 88, 117601 (2002). 
[27] A. Brataas, G. E. W. Bauer, and P. J. Kelly, Physics 

Reports 427(4), 163 (2006). 
[28] K. Ando, S. Takahashi, J. Ieda, H. Kurebayashi, T. Tryp- 

iniotis, C. H. W. Barnes, S. Maekawa, and E. Saitoh, 

Nature Materials 10(9), 655 (2011). 
[29] X. Wang, G. E. W. Bauer, B. J. van Wees, A. Brataas, 

and Y. Tserkovnyak, Phys. Rev. Lett. 97, 216602 (2006). 
[30] M. V. Costache, M. Sladkov, S. M. Watts, C. H. van der 

Wal, and B. J. van Wees, Phys. Rev. Lett. 97, 216603 

(2006). 



